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Abstract: One of the unique aspects of the bone formation process is the biological mineralization of the proteinaceous 

matrix. The physicochemical process of mineralization is closely regulated; the precise nature of this regulation is not 

completely understood. The mineralization process is influenced by matrix proteins, some of which act as inhibitors and some 

as enhancers. Such factors include collagen mainly types I, III and VI, extracellular matrix proteins and cell attachment 

proteins, in addition to systemic hormones.  

Keywords: Non-Collagenous Proteins, Extracellular Matrix Proteins, Biomineralization, Cell Attachment Proteins,  

Growth Factors 

 

1. Introduction 

The skeleton in higher vertebrates has two functions, one 

as a reservoir of inorganic elements responding to 

extracellular fluid homeostasis, the other as a protection of 

soft tissues or as a structural support permitting movement 

and locomotion in the gravitational environment of the 

Earth’s surface. The structural material is a network of 

protein fibres bundles arranged in layers, and permeated with 

dense accumulations of mineral. The protein fibres provide 

strength and flexibility, and the mineral makes it stiff and 

hard. The cells of the skeleton that maintain the structure and 

also enable adaptation to mechanical usage are the same cells 

that maintain the plasma calcium homeostasis. This dual 

purpose suggests that effective mechanisms are essential to 

organize and control the number, location and efficiency of 

these cells in order to fulfill these disparate and sometimes 

conflicting roles. Activities are coordinated over wide areas 

of bone surface, and prolonged states of imbalance may 

develop. 

Bone, dentin, and cementum are produced by osteoblasts, 

odontoblasts, and cementoblasts, respectively. Each of these 

cells produces a distinct set of extracellular matrix 

macromolecules but produces similar structural matrices 

predominately constructed from type I collagen fibrils [1]. 

The activity of osteoclasts (bone breaking cells) and 

osteoblasts (bone forming cells) is under the control of the 

systemic hormones parathyroid, calcitonin and vitamin D and 

cytokines generated in the bone cell microenvironment. The 

mineralization process is influenced by matrix proteins, some 

of which act as inhibitors and some as enhancers. Such 

factors include collagen mainly types I, III and VI and 

noncollagenous proteins, such as phosphoproteins, 

pyrophosphate, bone Gla protein, osteocalcin, proteolipids 

and alkaline phosphatase [2]. 

2. Non-Collagenous Proteins 

In recent years, a series of noncollagenous proteins have 

been isolated from bone, and while their function is not 

always understood at least a proportion seem to be 

biologically active. 

2.1 Phosphoproteins are proteins which are 

posttranslationally modified by the attachment of either a 

single phosphate group, or of a complex molecule. They may 

bind calcium and thereby act as mineral nucleators [3]. They 

include bone sialoprotein and proteoglycans as minor 

constituents of the bone matrix. Proteoglycans inhibit 

calcification by masking the collagen fibrils or occupying 

critical spaces within the fibril and thereby diminishing 

diffusion, chemical interaction and sequestration of calcium 

ions or calcium phosphate complexes [2].  

2.2 Osteocalcin also known as bone δ-carboxyglutamic 

acid-containing protein (BGLAP) is a noncollagenous protein 

found in bone and dentin. Osteocalcin is the most abundant 

noncollagenous protein in bone [1, 4] comprising about 20% 
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of the noncollagen matrix proteins and produced by 

osteoblasts. It contains three γ-carboxylglutamic acid (Gla) 

residues that bind calcium, and it is vitamin K-dependent. 

However, its physiological role in mineralization remains 

uncertain. It has been postulated that rather than facilitating 

calcification it could retard it [5], and also that it is a 

chemoattractant for osteoclasts. Like alkaline phosphatase 

osteocalcin is used clinically as a marker of osteoblast 

activity and serum osteocalcin is measured by 

radioimmunoassay [5] as a bone turnover marker.  

2.3 Matrix Gla Protein (MGP), like osteocalcin, is a 

member of the vitamin K-dependant γ-carboxylglutamic acid 

(Gla) proteins. MGP is a possible regulator of extracellular 

matrix calcification because MGP-deficient mice exhibit 

spontaneous calcification of various cartilages and also of 

their arteries [4]. 

2.4 Lipid and proteolipids are acidic phospholipids that 

form complexes with calcium phosphate and may be 

involved in the mineralization process [1, 6]. 

2.5 Alkaline phosphatase is an ecto-enzyme produced by 

osteoblasts and linked by Robison (1952) [7], to the 

mineralization process. Alkaline phosphatase may be 

involved in the degradation phosphate esters to provide a 

local concentration of phosphate or it may remove 

pyrophosphate to enable mineralization to proceed [1, 3]. Its 

distribution is before rather than at the calcification front [8] 

supporting an indirect preparative function. 

3. Cell Attachment Proteins 

In addition to the above matrix proteins are a number of 

different cell attachment proteins that have the common RGD 

amino acid sequence (arginin-glycin-aspartic acid), which is 

responsible for mediating attachment of these proteins to 

integrins (integral membrane proteins) on the cell surface [9]. 

These cell attachment proteins include fibronectin, 

osteopontin, osteonectin, thrombospondin and several other 

bone sialoproteins including one called bone sialoprotein and 

a second called BAG (bone acidic glycoprotein) [10]. 

3.1 Osteopontin is relatively abundant noncollagenous 

sialoprotein produced by osteoblasts that has a role in 

osteoclast attachment and resorption [10, 11] and that also 

has calcium binding sites. Osteopontin expression is 

regulated by vitamin D, which increases its secretion. It binds 

to integrin receptors on the osteoclast by its RGD sequence, 

activating the phospholipase C pathway in the osteoclast and 

increasing intracellular calcium [1, 12]. 

3.2 Osteonectin is an acidic glycoprotein involved in cell 

attachment. It supports bone remodelling and maintenance of 

bone mass in vertebrates, as shown by the poor bone status 

osteonectin-deficient mice [13]. Although, it is synthesized 

by osteoblasts, it is also synthesized by skin by fibroblasts, 

tendon cells and odontoblasts [3]. It binds to type I collagen 

and also to hydroxyapatite, and is reported to promote crystal 

growth in vitro. Osteonectin also increases the production 

and activity of matrix metalloproteinases, a function 

important to invading cancer cells within bone [1]. 

3.3 Fibronectin is an ubiquitous cell attachment protein [2, 

14] made locally by bone cells but also synthesized 

elsewhere and brought in by the vasculature. It is uncertain if 

the fibronectin has a special function in bone other than to 

coordinate the migration, interaction and differentiation of 

osteoblast precursors in vitro and in vivo (Mosher, 1989 cited 

by Carter et al., 1991) [15]. 

3.4 Thrombospondin also contains calcium binding sites in 

addition to the RGD sequence. It also mediates cell 

attachment, but any particular function in bone remains 

unknown [2]. 

3.5 Bone sialoprotein (BSP), like osteopontin, is another 

sialoprotein that is present unique to in the skeleton unlike 

other similar proteins which are expressed in many tissues. It 

may be another nucleator of hydroxyapatite as well as 

providing cell attachment and unlike osteopontin the effect of 

vitamin D is uncertain [4]. With cell attachment may become 

cell activation as is the case with osteopontin and osteoclasts 

[16, 17]. BSP is a significant component of the bone 

extracellular matrix and has been suggested to constitute 

approximately 8% of all non-collagenous proteins found in 

bone and cementum [10]. 

4. Regulatory Growth Factors in Bone 

A wide range of other biologically active proteins in bone 

have the potential to regulate cell activity. Most of these are 

growth regulatory factors, including transforming growth 

factor βI (TGFβI), and TGFβII, the bone morphogenic 

proteins, platelet derived growth factor, colony stimulating 

factors, tumor necrosis factor and lymphotoxin, insulin like 

growth factor I (IGFI) and IGFII [6, 18]. 

4.1 Transforming growth factor β (TGFβ), TGFβI and 

TGFβII are the most abundant of all the known growth 

regulatory factors in bone. Moreover, bone is the major 

storage site of growth factors [3]. TGFβI and TGFβII have an 

identical effect on bone cells. They are powerful stimulators 

of bone formation, when injected subcutaneously adjacent to 

a bone surface [19, 20]. However, continuous exposure 

impairs differentiation and the factor is required for only a 

transient period. TGFβ may have a chemotactic function, 

increasing osteoblast migration unidirectionally to sites of 

resorption [21], where any effect on osteoclasts still has to be 

clarified [1]. 

4.2 Fibroblast growth factors (FGFs) are a family of 

growth factors, with members involved in angiogenesis, 

wound healing, embryonic development and various 

endocrine signaling pathways. FGFs are mitogenic for 

osteoblasts [22] and may mediate the expression of TGFβ on 

osteoblasts. There are acidic and basic FGFs [6] and in 

addition, they are angiogenic with a role in 

neovascularization and wound healing [2]. 

4.3 Bone morphogenetic proteins (BMPs) or osteogenic 

proteins are a group of growth factors also known as 

cytokines and as metabologens [23]. BMPs are members of 

the TGFβ family that share the same capacity of simulating 

bone formation and at least six distinct BMPs have been 
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identified. Unlike TGFβ they enhance differentiation of the 

osteoblast lineage in culture [6]. BMPs are used clinically to 

promote skeletal repair by adding them to implant material 

and osteogenin (BMP3) has been shown to inhibit 

osteoclastic resorption. 

4.4 Insulin-like growth factors (IGFs), IGF-I and IGF-II, 

are proteins with high sequence similarity to insulin.  IGFs 

are present in the circulation and synthesized by many tissues, 

including bone, where they act similarly as local regulators of 

cell metabolism. IGFs have long been associated with bone 

growth, and IGF-I stimulates mitogenesis as well as collagen 

synthesis in bone organ culture [24] while it also enhances 

bone formation in vivo. In bone IGF-I is more potent than 

IGF-II and its infusion causes a generalized anabolic effect 

and an increase in bone remodelling (Ebeling et al., 1993 

cited by Favus et al., 1999) [6]. However, their clinical 

application to bone growth is limited as when administered 

systemically they cause hypoglycemia [3]. 

4.5 Platelet-derived growth factor (PDGF) is one of the 

numerous growth factors, or proteins that regulate cell 

growth and division. PDGF was initially isolated from blood 

platelets and acts in the early phase of wound repair [6]. 

Normal and neoplastic tissues also synthesize PDGF, and it 

may act as a systemic or local regulator of tissue growth. 

PDGF is mitogenic, it stimulates osteoblast proliferation and 

collagen synthesis [24] and it may also regulate osteoclastic 

resorption [1, 3]. 

4.6 Colony stimulating factor (CSF) also called monocyte-

macrophage colony stimulating factor (M-CSF), is specific 

for the monocyte-macrophage lineage, and is required for 

normal osteoclast formation in rodents during the neonatal 

period [6]. In the one variant (op/op) of osteopetrosis, there is 

impaired production of CSF and the consequence is 

osteopetrosis due to decreased osteoclast number; cure is by 

CSF treatment (Felix et al, 1990 cited by Mundy, 1995) [3]. 

4.7 Lymphotoxin and tumor necrosis factor (TNF) share 

similar receptor mechanisms and are related functionally to 

interleukin-1. They seem to have identical biological effects 

on bone cells and both stimulate osteoclastic resorption and 

cause hypocalcaemia when administered in vivo [25]. 

Lymphotoxin is released by activated T-lymphocytes and 

TNF by activated macrophages [6]. TNF and lymphotoxin 

stimulate osteoclast proliferation from precursors [25] and 

contribute to the bone destruction and hypocalcaemia of 

malignancy. TNF is rarely produced by solid tumors; 

however it may be produced by normal host cells stimulated 

by the presence of a tumor. It has been associated with 

chronic inflammatory diseases, where accumulation of 

inflammatory cells occurs adjacent to bone surfaces [2, 3] as 

occurs in patient with periodontal disease, rheumatoid 

arthritis and cholesteatoma of the ear. TNF may also be 

involved in postmenopausal bone loss. 

4.8 Prostaglandins (enzymatically oxygenated derivatives 

of free arachidonic acid) are a group of hormone-like lipid 

compounds that are derived enzymatically from fatty acids 

and have important functions in the animal body.  

Prostaglandins have multiple effects on bone cells, and 

sometimes opposite effects in different species, making their 

role in bone physiology difficult to discern. They are 

powerful bone resorbing factors in organ culture and are 

produced by monocytes found adjacent to endosteal bone 

surfaces, perhaps regulating osteoclast activity [26]. They are 

apparently locally active as stimulators of both bone 

formation and resorption but may conversely have inhibitory 

effects on fully differentiated osteoblasts and osteoclasts [2, 

27]. The most potent are prostaglandins of the E-series and 

the 13, 14 H2 compounds [3]. They may also mediate other 

factors in bone e.g. 1, 25 dihydroxyvitamin D3 and platelet-

derived growth factor which generate endogenous 

prostaglandin synthesis causing resorption in cultured mouse 

calvaria [27]. This bone resorption is inhibited by 

indomethacin, a drug that inhibits prostaglandin synthesis. 

5. Hormonal Control 

The systemic hormones effecting bone mineral content are 

parathyroid hormone, 1,25 dihydroxyvitamin D3 and 

calcitonin, all of which influence osteoclast activity. They are 

under negative feed back control and are regulated by 

extracellular fluid calcium concentration. Also influencing 

bone cell function but not under the negative feedback 

control of extracellular fluid calcium are estrogen and 

androgen, glucocorticoids, thyroid hormone and growth 

hormone where cytokines often mediate including 

interleukin-1, interleukin-1 receptor agonist, interleukin-4, 

interleukin-6 and interferon-γ. 

5.1 Parathyroid hormone (PTH) is a polypeptide produced 

by the parathyroid glands that maintains calcium homeostasis, 

because of its stimulatory effects on osteoclastic resorption 

and on the renal reabsorption of calcium. It exhibits both 

anabolic and catabolic effects, depending in whether it is 

administered intermittently or continuously respectively [4]. 

This enabled its exploitation as a treatment for osteoporosis 

by giving low doses intermittently when the primary effect is 

increased bone formation more commonly, PTH stimulating 

is known for the differentiation of progenitors into mature 

multinucleated osteoclasts [6] and increased remodeling 

which is a postmenopausal characteristic. 

5.2 Calcitonin is a polypeptide hormone secreted by the 

parafollicular cells of the thyroid gland. It causes a shortfall 

in plasma calcium, by inhibiting osteoclastic bone resorption 

[28] causing a transient contraction of the osteoclast cell 

membrane [29]; it also promotes calcium excretion and this 

effect on homeostasis usually last 24-48 hours [30]. For this 

reason it has been suggested that calcitonin has no chronic 

effect on calcium homeostasis, but rather serves as a short-

term regulator to maintain normal calcium following large 

calcium-containing meals when it is also influenced by 

gastrointestinal hormones such as gastrin.  

5.3 Vitamin D and 1, 25 dihydroxyvitamin D3, are the 

major regulators of calcium homeostasis and vitamin D 

protects the organism from calcium deficiency via its effect 

on the intestine, kidney, parathyroid gland and bone. The 

most active vitamin D molecule is 1, 25 dihydroxyvitamin 
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D3 which is formed after two consecutive hydroxylations of 

the skin-derived vitamin D (cholecalciferol), in the liver and 

kidney. Vitamin D deficiency due to dietary lack, sunshine 

deficiency or malabsorption of fat-soluble vitamins causes 

impaired mineralization of osteoid tissue and growth plates 

producing rickets in children and osteomalacia in adults. In 

contrast, excess vitamin D ingestion leads to an increased 

bone resorption and hypocalcaemia [4]. The effect of 1, 25 

dihydroxyvitamin D3 on osteoclastic bone resorption is 

apparently synergistic with PTH [31]. 1, 25 

dihydroxyvitamin D3 also affects osteoblast function and in 

culture it inhibits bone collagen synthesis in the short term 

[32]. It has other significant effects on calcium homeostasis, 

since it increases the absorption of calcium from the gut and 

like PTH stimulates renal tubular calcium reabsorption. 

6. Other Cytokines Related to Bone 

6.1 Interleukin-1 (IL-1) is a cytokines produced by 

osteoclasts and a variety of related cell types including, 

monocytes, macrophages and marrow stroma cells [4]. IL-1 

stimulates osteoclast precursor and can induce 

hypocalcaemia. It also has growth-stimulatory effects on 

osteoblastic cells, but inhibits their differentiated function [1, 

33]. There are two IL-1 molecules IL-1α and IL-1β their 

similar effects on bone are mediated through the same 

receptor [6], Interleukin-1 receptor agonist (IL-1RA) by 

blocking the IL-1 receptor molecules [34]. 

6.2 Interleukin-4 (IL-4) is a multifunctional lymphokine 

produced by activated T-lymphocytes, which inhibits bone 

resorption in organ culture and the formation of osteoclasts 

from precursors [3]. However, transgenic mice 

overexpressing IL-4 paradoxically develop an osteopenic 

syndrome similar to osteoporosis [35], the high levels 

apparently inhibiting bone formation. 

6.3 Interleukin-6 (IL-6) is also a multifunctional cytokine 

and, unlike other cytokines, its production in bone is 

enhanced by osteotropic hormones such as PTH and 1,25 

dihydroxyvitamin D3 [36], causing hypocalcaemia. It 

increases osteoclasts from precursors and doubles the number 

of multinucleated cells in human marrow cultures [37]. 

6.4 Interferon-γ is a powerful inhibitor of osteoclasts, 

inhibiting their formation and differentiation from precursors, 

while having no morphological effect on mature preformed 

osteoclasts [6]. 

In summary, one of the unique aspects of the bone 

formation process is the biological mineralization of the 

proteinaceous matrix. Following the production of osteoid 

tissue (non-mineralized matrix protein) by the osteoblasts, it 

is mineralized in an orderly and controlled manner at the 

calcification front. Although it is evident that the 

physicochemical process of mineralization is closely 

regulated, the precise nature of this regulation is not 

completely understood. The activity of osteoclasts and 

osteoblasts is under the control of the systemic hormones 

parathyroid, calcitonin and vitamin D and cytokines 

generated in the bone cell microenvironment. The 

mineralization process is influenced by matrix proteins, some 

of which act as inhibitors and some as enhancers. 
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